Abstract Genetic variants of whole mitochondrial DNA (mtDNA) that predispose to exceptional longevity need to be systematically identified and appraised. Here, we conducted a case-control study with 237 exceptional longevity subjects (aged 95-107) and 444 control subjects (aged 40-69) randomly recruited from a Blongevity town^-the city of Rugao in China-to investigate the effects of mtDNA variants on exceptional longevity. We sequenced the entire mtDNA genomes of the 681 subjects using a next-generation platform and employed a complete mtDNA phylogenetic analytical strategy. We identified T3394C as a candidate that counteracts longevity, and we observed a higher load of private nonsynonymous mutations in the COX1 gene predisposing to female longevity. Additionally, for the first time, we identified several variants and new subhaplogroups related to exceptional longevity. Our results provide new clues for genetic mechanisms of longevity and shed light on strategies for evaluating rare mitochondrial variants that underlie complex traits.
Introduction
Exceptional longevity (EL) is a complex trait determined by environmental and genetic factors (Christensen et al. 2006) . Among genetic factors, mitochondrial DNA (mtDNA) variations have been highlighted for the central role of mitochondria in metabolism. Mitochondrial dysfunction has been implicated in numerous age-related traits, including degenerative diseases and aging (Wallace 2010) . MtDNA spans approximately 16 kb and encodes 13 core units of OXPHOS, 2 rRNAs, and 22 tRNAs. Several studies analyzing mtDNA haplogroups reported that mtDNA contributes to EL and specifically identified several longevity-associated haplogroups, such as haplogroups J and H in Europeans (De Benedictis et al. 1999 ); D4a, D5, and D4b2b in Japanese (Alexe et al. 2007) ; and M9 in Chinese (our previous research) (Cai et al. 2009 ). The haplogroup analyses usually focused on hypervariable region sequences (HVS) and a limited number of sites at coding regions, while most mtDNA variants, including rare variants, were largely ignored.
Rare variants constitute the majority of human genetic variation and are thought to underlie a large proportion of the inherited susceptibility to human complex traits (Gibson 2011; Tennessen et al. 2012) . With the advent of sequencing technology, many rare variants have been shown to be responsible for some complex traits (Schork et al. 2009 ), including the mtDNA rare variants that underlie some age-related traits Tranah et al. 2012) . For example, it was reported that a specific profile of mtDNA singleton variants might be implicated with the decline in energy expenditure in elderly persons (Tranah et al. 2012) . Recently, the entire mtDNA of EL persons in several European populations were sequenced, suggesting that rare mtDNA variations might affect human longevity with the population specificity (Raule et al. 2014) . However, the contributions of rare mtDNA variations to EL have not yet been explored in an Asian population with mtDNA genetic structures that differ from European populations (Wallace 2005) .
In previous research, we genotyped 33 mtSNPs that defined 28 major East Asian haplogroups in a relative large sample size (including 463 ELs and 1389 individuals) in the Rugao population. We observed that M9 and several other common haplogroups were associated with EL (Cai et al. 2009 ). Subsequently, this study aimed to explore the spectrum of rare variants of the whole mitochondrial genome underlying longevity in a Chinese population. We sequenced the entire mitochondrial genome of 237 EL subjects and 444 control subjects recruited from Rugao, a 'longevity town' of China, using a next-generation sequencing (NGS) platform. Next, we systematically evaluated the subhaplogroups, private mutations, and mtDNA recurrent mutations underlying exceptional longevity in the Rugao population.
Materials and methods

Populations and samples
The subjects in this study were randomly sampled from the Rugao longevity cohort (Cai et al. 2009 ). There is a low probability of individuals in general populations surviving to extremely old ages (i.e., ≥95 years). Therefore, researchers universally use younger subjects (i.e., middle-aged people) as control groups. The Rugao longevity cohort is a population-based case-control design that was described in detail in our previous study (Cai et al. 2009 ). Briefly, 463 unrelated EL subjects (360 women and 103 men; age ranging from 95 to 107 years) were recruited in the Rugao longevity cohort. In addition, 926 unrelated subjects age 60 to 69 years (elderly group) and 463 subjects age 40 to 49 years (middle-aged group) were randomly recruited from the resident registry at the local government offices of Rugao as the control groups. The controls were gender-matched for the EL group.
For this whole mitochondrial genome sequencing study, 237 EL subjects were recruited (182 females and 55 males), including all 69 centenarians of the Rugao longevity cohort and 168 subjects randomly sampled from subjects aged 95 to 99 years. Controls include 221 elderly subjects (171 females and 50 males) and 223 middle-aged subjects (171 females and 52 males), who were randomly sampled from the aforementioned elderly group and middle-aged group. Written informed consent was obtained from each participant or his/her authorized family member. The Human Ethics Committee of the Fudan University School of Life Sciences approved the research.
Genomic libraries preparation and sequencing
Genomic DNA was extracted using the method explained in a previous study (Cai et al. 2009 ). For each sample, the entire mtDNA genome was amplified using PCR, and 11 overlapping products were mixed in approximately equal mass after determining their concentration. The fragment libraries were prepared using an optimized method referring to Illumina and a literaturereported protocol (Cronn et al. 2008) . Briefly, the whole mtDNA genome of subjects was sheared by DNase I, and the sheared fragments were purified and concentrated using a QIAquick PCR Purification spin column (QIAGEN Inc., Hilden, Germany). T4 DNA polymerase, T4 phosphonucleotide kinase, and the Klenow fragment of Escherichia coli DNA polymerase were used to fill 5′ overhangs and to remove 3′ overhangs of sheared fragments. Next, A-residues were added at 3′ terminal sides by using dATP and Klenow (3′-5′ exo-). The adaptors containing unique barcode sequences were then ligated to the fragments. The fragments ranging from 200 to 250 bp were harvested using an agarose electrophoresis platform, and the products were isolated adopting the QIAGEN MinElute Gel Extraction spin columns (QIAGEN Inc., Hilden, Germany) . Then, each library was amplified using standard Illumina primers and running 15 PCR cycles. After those libraries had been purified again, the DNA concentration was quantified, with 30 ng for each pooled together. The oligonucleotide mix was sequenced on Illumina's HiSeq 2000.
Whole mtDNA sequence assembly Original sequencing reads were exported to FASTQ files, and BWA v0.5.7 (Li and Durbin 2009) was then used to align the reads to the revised Cambridge Reference Sequence to generate binary sequence alignment/map (BAM) files of mtDNA genomes ). The duplicate reads were removed by MarkDuplicates, implemented in Picard v1.36, and the mtDNA sequences were locally realigned by GATK v1.2.59 (McKenna et al. 2010) . Pileup files were generated by SAMtools v1.0.16 . Consensus sequences were then obtained based on the pileup files, and indels were verified manually. Variations for haploid and missing sites were identified according to the previously used criteria (Zheng et al. 2011 ).
Quality control
With randomly blind sampling, 16 samples were repeated on the Illumina sequencing platform, and the mtDNA HVS-I regions of 20 samples were re-sequenced on the Sanger platform. The validated results were concordant with previous sequences.
Haplogroup assignment
Complete sequences were aligned to rCRS by MUSCLE v3.8.31 and manually verified; they were then assigned to the haplogroups according to PhyloTree Build 14. As in PhyloTree, positions 309.1C (C), 16182C, 16183C, 16193.1C (C), and 16519 were not used for haplogroup assignment because these positions were subject to highly recurrent mutations.
Data analysis
Unique characteristics of mtDNA such as strict maternal inheritance and lack of recombination make mtDNA variants occur in an orderly manner that could be phylogenetically tractable (Ballard and Rand 2005) . Additionally, the high mutation rate and small genome size often lead to frequently recurrent mutations at the same sites in mtDNA (Pakendorf and Stoneking 2005) . Thus, in case-control studies, the classical association analysis that compares the significantly different frequency of the mt-variants between case and control groups is inadequate, and the phylogenetic tree is essential for studying the pathogenic role of specific mtDNA variations (Kong et al. 2006) . To explore the EL predisposition of variants across the entire mtDNA genome, we employed several strategies based on a highresolution phylogenetic tree. A high-resolution mtDNA phylogeny tree is favorable for the determination of (1) recurrent mutations, (2) private mutations that are on the external branch in the mtDNA phylogeny, and (3) subhaplogroups that are specific to either cases or controls. In this study, we constructed a phylogenetic tree using 681 sequences from Rugao subjects (from this study) and an additional 4500 East Asian whole mtDNA sequences (including published data from the Phylotree database (van Oven and Kayser 2009) and unpublished data) using the maximum likelihood method (PhyML v3.0) (Guindon et al. 2010) and further confirmed by the median-joining method (Network v4.6) (Bandelt et al. 1999 ). The frequencies of major haplogroups and variations (excluding private mutations) were compared between ELs and controls. We grouped private mutations into genes or genome regions and then evaluated their contributions to EL using two comparisons: (1) the total number of private functional mutations in genes or regions were compared betwe en t wo gr ou ps an d (2) th e r ati os of nonsynonymous/synonymous (N/S) private mutations in protein-coding genes were compared between two groups. Recurrent mutations that occur m u l t i p l e t i m e s i n d e p e n d e n t l y i n m t D N A haplogroups shared exclusively in ELs or in controls were searched along the phylogenetic tree. All comparisons were tested by the Pearson chisquare test or the Fisher exact test.
Results
We obtained 681 complete mtDNA sequences; the average coverage was 1084×, and the minimum coverage was 52×. Approximately 5 % of the subjects were resequenced for validation. Overall, 1974 mt-variants were called, and 115 variants had a minor allele frequency (MAF) greater than 5 %. We observed several major haplogroups in the Rugao population: D4 (16.4 %), F (13.1 %), B4 (12.3 %), M7 (9.1 %), N9 (6.9 %), D5 (7.1 %), A (7 %), and B5 (5.2 %). These haplogroups represent the common haplogroups in East Asians. For the major haplogroups, a significantly higher prevalence of M9 was observed in controls (2.03 %) than in ELs (0 %) (Supplementary Table S1 ). This finding was consistent with the results of our previous report in a large sample of Rugao subjects (463 cases vs. 1389 controls) (Cai et al. 2009 ), suggesting high concordance between the studies.
We observed several mtDNA variants that occurred exclusively in the EL group or in the control group that reached statistical significance (P<0.05) (see Table 1 ). Using the phylogenetic tree, we could pinpoint the occurrence numbers of these variants and their associated haplogroups (listed in Table 1 ). T3394C, a nonsynonymous variant (T3394C, Y30H, ND1), presented exclusively in the control group in 12 subjects with four different subhaplogroups (P=0.01 compared with EL subjects (Table 1) ). We observed G12561A, T789C, C6386T, and G11447A exclusively in EL subjects, and this difference reached the level of statistical significance (P<0.05). All four mtDNA variants are recurrent mutations, and two had potentially functional significance (T789C codes 16s rRNA, and G11447A induces valine changes to methionine in the ND4 gene).
A total of 1680 private mutations on the external branch of the mtDNA phylogeny were identified. We compared private functional mutations across 13 protein-coding genes, tRNA and rRNA genes between ELs and controls, observing a marginally significant difference in the COX1 gene (Supplementary Table S2 ). In a subsequent analysis stratified by gender, we observed a significantly higher load of private nonsynonymous mutations in the COX1 gene in female ELs than in female controls (P=0.01). This difference was also found by using another algorithm that compared the ratio of nonsynonymous and synonymous mutations in EL and control females (P = 0.02) ( Table 2) .
Considering the possibility of EL enrichment in some subhaplogroups, we tentatively searched for subhaplogroups that were specific to the EL group in the phylogenetic tree. We found three haplogroups (M7c2, A4h and R11a1a1a1) that presented exclusively in the EL group, indicating a marginal association with EL (P=0.042). A4h and R11a1a1a1, which were found in females only, were newly discovered and named in this study ( Fig. 1 and Table 3 ). Five of the six A4h or R11a1a1a1 carriers reached 100 years old, and a 108-year-old woman was still alive by 2013. In A4h, G10320A (V88I, ND3) is a missense mutation. N/A represents that the variant is not in the protein-coding regions a Two haplogroups were not previously reported. One haplogroup is B4c1b2c-T3394C-G7119A; another is B4c1b2c-G9575A-10493C-T16136C-T16249C-C16291T
Discussion
Human life expectancy has been increasing in recent decades with improvements in nutrition, sanitation, and health care. However, few people are expected to survive to extremely old age (i.e., ≥95 years) (Vaupel 2010 (Cirulli and Goldstein 2010) . In the present study, we sequenced the entire mtDNA of 237 EL subjects (including 69 centenarians) and 444 younger control subjects and then employed strategies based on a highresolution phylogenetic tree to evaluate the contribution to EL of variants in the whole mitochondrial genome. M9 was significantly less present in the EL group than in the control group in our previous haplogroup analysis by 33 mtSNPs genotyping (463 cases vs. 1389 controls) (Cai et al. 2009 ). However, in that type of haplogroup analysis, it is difficult to distinguish whether a single mutation, a set of mutations, or some deeper genetic structures in matrilineal backgrounds account for the association, which might result in inconsistent results in studies even in the same ethnic group. For example, haplogroup J has been reported to be significantly different between EL and younger individuals in (Ross et al. 2001) , and Finland (Niemi et al. 2003) . However, this difference has not been detected in other European populations (Collerton et al. 2013; Dato et al. 2004; Pinos et al. 2012) . The recent whole mtDNA genome study in 13 European populations detected that rare mtDNA variants rather than haplogroup J were associated with longevity (Raule et al. 2014) . In this study, we found T3394C, A1041G, and T14308C, the variants of the motif of M9a, were significantly more prevalent in controls than in EL. One of these variants, T3394C, presented in 12 control subjects but was absent in the EL group and was found to occur independently in three other subhaplogroups based on the high-resolution phylogeny tree. Such recurrent mutations were usually considered to provide a crucial clue for the etiology of disorders (Montoya et al. 2009 ). Our observations of T3394C suggested that this mutation confers an increased risk against longevity. T3394C results in the substitution of a highly conserved tyrosine to histidine Fig. 1 Novel haplogroups exclusively discovered in EL subjects in the Rugao population.
(Yellow shadow) Rugao longevity subjects in which the numbers represent the ages (dashed objects mean death ages); (gray shadow) Rugao control subjects; (diamond) previously published sequences nonrelevant to our sample; (circle) female individual, (square) male individual (Y30H) in the ND1 gene. This transition has long been known for its association with several diseases, such as Leber's hereditary optic neuropathy (LHON), as well as with high-altitude adaptation for Tibetans (Ji et al. 2012; Zhang et al. 2010) . These associations indicate the importance of the mutation on NADH dehydrogenase functional maintenance. Furthermore, two recurrent mutations with potential function, T789C (in 12s rRNA) and G11447A (V230M in ND4), were first identified as exclusively occurring in EL subjects. Mutations in mtDNA rRNA genes were reported to be associated with hearing loss (Guan 2011 ) and some aging traits, such as nerve conduction velocity (Katzman et al. 2014 ) and Alzheimer's disease (Tanno et al. 1998) . Two of the point mutations in 16s rRNA with the age-associated T414G variant were identified as relating to bioenergetic change in a cybrid study (Seibel et al. 2008) . The fundamental mechanism for the effect on longevity of T789C and other candidate variants in rRNA genes needs to be studied more. The accumulation of rare mutations within genes or genomic regions may influence a phenotype in important ways (Schork et al. 2009 ). Evaluating the combined effect of rare mutations may reveal the potential mechanism underlying EL. In mitochondrial genomes, private mutations that are located in external branches are more likely than mutations in internal branches to affect protein function in mtDNA (Ruiz-Pesini et al. 2004 ). We explored the private nonsynonymous mutations of 13 protein-coding genes, tRNA and rRNA genes in EL. In all 681 subjects, no significance was observed in any gene and genomic region. However, in female subjects, the load of private nonsynonymous mutations in the COX1 gene was significantly higher in ELs (8.2 %) than i n c o n t r o l s ( 2 . 9 % ) . T h e N S / S o f p r i v a t e nonsynonymous mutations, which could represent the degree of functional conservativeness of a gene, also presented significantly higher in the COX1 gene in female ELs (1.07) than in controls (0.32). These results were not similar to those reported in a recent study conducted in Europeans. That study observed that the frequency of nonsynonymous mutations in proteincoding genes was higher in controls than in individuals aged 90 and above in Danish and southern European populations, while an opposite trend was observed in a Finnish population, suggesting that the effect of rare mtDNA mutations on longevity might be population specific (Raule et al. 2014) . Our study identified a pattern of mtDNA variants underlying longevity in a Rugao population that differed from the pattern found in a European longevity population (Raule et al. 2014 ). Human mtDNA is characterized by a continent-specific distribution, which is considered to be a result of climate selection (Ruiz-Pesini et al. 2004 ) and genetic drift with long-term geographic isolation (Harpending et al. 1998 ). This phenomenon is probably one of the factors contributing to the population-specific effect of mtDNA on longevity. COX1 is one of the essential subunits of the catalytic core of cytochrome c oxidase (complex IV), which is the terminal enzyme of the respiratory chain and catalyzes the oxidation of cytochrome c by molecular oxygen (Soto et al. 2012) . Complex IV is the only mitochondrial respiratory complex that shows an age-related decline in activity (Ferguson et al. 2005; Sohal et al. 1995) . Nonsynonymous mutations in the COX1 gene might change the activity or the assembly stability of complex IV (Namslauer and Brzezinski 2009 ) and hence influence the efficiency of overall energy conversion and ROS producing, which might contribute to human aging and longevity.
Multiple factors might account for the absence of an association between private mutations and longevity in males. One possible explanation is the sex-specific effects of mtDNA variants. For many species, including human beings, the sex-specific effects of mtDNA variants are commonly observed in diseases, aging, and longevity (Frank and Hurst 1996; Tanaka et al. 2007; Wolff and Gemmell 2013) . The underlying mechanism of such a sexual dimorphism was suggested to be the maternal transmission of mitochondrial genomes resulting in evolutionary dead ends for the mtDNA of males. Thus, mutations through females might be the only response to selection of mtDNA (Gemmell et al. 2004) . Population genetic models and experiments in flies found that mtDNA mutations that were slightly deleterious, neutral, or even beneficial to females could be deleterious to males, indicating that mtDNA variations have more influence on male aging than female aging (Camus et al. 2012; Innocenti et al. 2011 ). This finding is largely similar to our observations of higher levels of nonsynonymous replacements in the COX1 gene in longevity females. Another possible explanation is that the significantly smaller sample size of male ELs than female ELs induced a lower power to test the significance. In many vertebrates, including humans, there are more female than male longevity individuals. This advantage of female longevity was also observed in the Rugao population, in which the female to male longevity ratio is 3.5:1.
Two new subhaplogroups with rare frequenciesA4h and R11a1a1a1-were observed to be significantly enriched based on a fine-scaled phylogenetic tree. Notably, most EL subjects belonging to A4h and R11a1a1a were female centenarians. A4h was characterized by G10320A, which leads to a substitution from valine to isoleucine in the ND3 gene. Interestingly, F3, another haplogroup carrying G10320A as a defining variant, was also reported to be associated with longevity in the Bama Chuang population in China (Feng et al. 2011) .
There are several limitations to this study. First, the sample size (237 cases vs. 444 controls) was relatively small, making the power in genetic association studies was still low. Second, the high-resolution phylogenetic tree was reconstructed with approximately 5000 complete mtDNA sequences, but it still cannot cover all the deep lineages in the East Asian mtDNA pool. Lastly, no associations could meet the level of statistical significance after multiple comparisons adjustment in this study. However, there are several strengths to this study: (1) complete mtDNA sequences of exceptional longevity were first sequenced in a Chinese population; (2) several strategies based on a high-resolution phylogenetic tree were employed, allowing for systematic evaluation of the role of deep genetic structures including recurrent mutations, private mutations, and the subhaplogroups; and (3) the consistency was high between this study and our previous study.
In summary, we sequenced 237 exceptional longevity subjects and 444 control subjects using a nextgeneration sequencing platform. The variants in the whole mtDNA genome were evaluated systematically based on a high-resolution phylogenetic tree. We identified that T3394C may be a factor contributing to a risk against longevity, and we observed a higher load of private missense mutations in the COX1 gene predisposing to EL occurrence in the Rugao population of China. Furthermore, for the first time, we reported several variants and new subhaplogroups related to EL. Our results provide new information for the study of longevity and shed light on the strategies for evaluating rare mitochondrial variants underlying complex traits.
